Cellular and extracellular (tubular basement membrane, TBM) alterations in the proteoglycans (PGs) of the rat renal tubules in diphenylthiazole-induced cystic disease were investigated. The PGs of normal and cystic kidneys were labeled with [mS]sulfate in an organ-perfusion system. Extracted cellular and TBM PGs were characterized by Sepharose CL-6B chromatography before or after treatment with heparitinase (degrades heparan sulfate) or chondroitinase ABC (degrades chondroitin sulfate). Total radioactivities in cellular, TBM, and medium fractions of cystic kidneys were reduced by factors of 9, 7, and 3, respectively. The PGs obtained from cystic and normal kidneys had similar profiles, namely, two peaks of radioactivity with K., values of 0.26 (Mr = 130,000-150,000) and 0.40 (Mr = 50,000-55,000 Induction of Disease. Twenty-four rats were divided into four groups of6. Two groups were fed DPT pellets ad libitum, and two groups were pair-fed a normal diet. One DPT group was sacrificed after 4 weeks, when the other DPT group was placed on a normal diet for a 4-week recovery period. A control group was sacrificed at 4 and at 8 weeks. Kidneys were harvested under aseptic conditions. Radiolabeling of PGs. Renal sulfated PGs were labeled for 4 hr by inclusion of [35S]sulfate (0.5 mCi/ml) in the medium of an isolated, recirculating kidney-perfusion system (9-11).
tracted cellular and TBM PGs were characterized by Sepharose CL-6B chromatography before or after treatment with heparitinase (degrades heparan sulfate) or chondroitinase ABC (degrades chondroitin sulfate). Total radioactivities in cellular, TBM, and medium fractions of cystic kidneys were reduced by factors of 9, 7, and 3, respectively. The PGs obtained from cystic and normal kidneys had similar profiles, namely, two peaks of radioactivity with K., values of 0.26 (Mr = 130,000-150,000) and 0.40 (Mr = 50,000-55,000). The peaks had variable proportions of radioactivity for cellular and TBM fractions. Besides heparan sulfate, an additional 15-20% of chondroitin sulfate was synthesized in all three fractions obtained from cystic kidneys. The PGs synthesized by cystic kidneys had lower charge-density characteristics as compared to controls by DEAE-Sephacel chromatography. The medium fractions contained mostly glycosaminoglycan chains (Ka. = 0.47, Mr =24,000-26,000) ofheparan sulfate. Autoradiograms of tissue samples revealed -50% and -60% decreases of grain densities over the cellular and TBM compartments, respectively. This decrease in de novo PG synthesis may have some relationship in the pathogenesis of polycystic kidney disease.
Polycystic kidney disease (PKD) consists of multiple distentions of renal tubules. Autosomal dominant PKD afflicts 1 in 500-1000 individuals and accounts for about 10%o of endstage renal disease (1) (2) (3) . Other common clinical entities are autosomal recessive PKD (infantile) and acquired PKD, which develops in about 50%o of individuals with renal failure on hemodialysis for more than 2 years. From clinical and basic studies, the following mechanisms have been proposed for the pathogenesis of PKD: environmental and genetic factors, mechanical tubular obstruction, tubular cell proliferation, and abnormalities in the metabolism ofcytosecretory products of tubular epithelium-i.e., tubular basement membrane (TBM) proteins and glycoproteins. An acquired form of cystic disease, induced by feeding of 2-amino-4,5-diphenylthiazole (DPT) to rats, demonstrates perturbations in the metabolism of the cytosecretory products of the tubules. The changes induced by DPT are reversible and include thickening of the TBM (4), abnormalities in certain collagenous and noncollagenous peptides (5) , and reduction in the acidic glycoproteins (6) . In this study, changes in one group of the acidic glycoproteins, the sulfated proteoglycans (PGs), in the kidneys of DPT-treated rats were investigated by tissue autoradiographic and biochemical techniques.
METHODS
Male Sprague-Dawley rats (100-150 g) were used.
[35S]Sulfate (>1000 Ci/mmol; 1 Ci = 37 GBq) was purchased from Amersham; autoradiographic L4 Ilford emulsion from Polysciences (Warrington, PA); Sepharose CL-6B, DEAESephacel, and Sephadex G-50 from Pharmacia; the protease inhibitors 6-aminohexanoic acid, benzamidine hydrochloride, and phenylmethylsulfonyl fluoride (PMSF), recrystallized guanidine hydrochloride (Gdn'HCl), and 3-[(3-cholamidopropyl)dimethylammonioJ-l-propanesulfonate (CHAPS) from Sigma; and chondroitinase ABC from Miles.
[3H]Serine-labeled cartilage monomer was a gift ofJames H. Kimura (7); DPT was supplied by Travenol Laboratories (Deerfield, IL), and purified heparitinase was a gift of Alfred Linker (8) . Rat chow pellets containing 1.06% DPT were prepared by Teklad (Madison, WI).
Induction of Disease. Twenty-four rats were divided into four groups of6. Two groups were fed DPT pellets ad libitum, and two groups were pair-fed a normal diet. One DPT group was sacrificed after 4 weeks, when the other DPT group was placed on a normal diet for a 4-week recovery period. A control group was sacrificed at 4 and at 8 weeks. Kidneys were harvested under aseptic conditions. Radiolabeling of PGs. Renal sulfated PGs were labeled for 4 hr by inclusion of [35S]sulfate (0.5 mCi/ml) in the medium of an isolated, recirculating kidney-perfusion system (9-11).
After 4 hr, the kidney was perfused for an additional 15 min with medium devoid of radioisotope. A specimen (2 mm3) was taken from the corticomedullary junction for autoradiography, while the remaining kidney tissue and perfusion medium were utilized for isolation, purification, and characterization of the PGs.
Electron Microscopic Autoradiography and Morphometric Analysis. The kidney specimen was processed for electron microscopic autoradiography (11, 12 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. medulla and papilla were discarded. Glomeruli were removed from the cortical and outer medullary fractions by a sieving technique (9) (10) (11) ). An aliquot of each fraction was saved for total protein determination (15) .
Isolation of PGs. The PGs initially were extracted from the tubular fractions for 24 hr at 4°C by vigorous shaking with 1% (wt/vol) sodium deoxycholate/100 mM NaOAc, pH 5.8, containing protease inhibitors (10 mM 6-aminohexanoic acid, 5 mM benzamidine hydrochloride, 1 mM PMSF, and 10 mM sodium EDTA) (9-11). The deoxycholate extract was designated as the cellular fraction, and the unextracted residue, containing TBMs, as the extracellular fraction (16) . The TBMs were pelleted and extracted for 24 hr at 4°C with 4 M Gdn-HCl containing protease inhibitors. The unextracted residue from the TBMs was pelleted and hydrolyzed with 0.5 M NaOH at 60°C to solubilize any remaining sulfated acidic glycopeptides. The extracts were dialyzed against ice-cold water containing 1 mM PMSF for 24 hr, aliquoted, Iyophilized, and kept at -20°C. A small sample was used to determine the total radioactivity. Values were normalized per 100 mg of protein.
Characterization of Extracted PGs. Aliquots of the lyophilized extracts were reconstituted in 500 Al of 4 M Gdn-HCI and chromatographed on Sepharose CL-6B columns (110 x 0.9 cm) equilibrated with 4 M Gdn-HCI/100 mM Tris.HCI/0.1 M Na2SO4/0.5% (vol/vol) Triton X-100 at pH 7.0 (9-11).
Elution was with the same buffer at a flow rate of 2.5 ml/hr, and 0. (17) .
Some of the aliquots of the extracts were used for ionexchange chromatography. They were reconstituted with deionized distilled water and applied to a 5.0-ml disposable DEAE-Sephacel column equilibrated with 8 M urea/0.1 M NaCI/50 mM NaOAc, pH 6.0/0.5% (wt/vol) CHAPS (10) . After the samples were loaded, the columns were washed with 10 ml of equilibration buffer and bound material was eluted with a continuous 0.1-1.0 M NaCl gradient in 40 ml of the same buffer. Fractions (1.0 ml) were collected at a flow rate of 20 ml/hr, and radioactivity was determined.
Characterization of Glycosaminoglycan (GAG) Chains. The lyophilized cellular and TBM extracts were hydrolyzed with 0.5 M NaOH at 450C for 3 hr to release the free GAG chains.
The hydrolysates were dialyzed against distilled water, aliquoted, and 1yophilized. The aliquots were reconstituted with 4 M Gdn-HCl and chromatographed on Sepharose CL-6B for determination of Kay values (18) . To determine the nature of GAG chains, the aliquots were treated with heparitinase and/or chondroitinase ABC and then chromatographed on Sepharose CL-6B.
Isolation, Purification, and Characterization of PGs from the Medium. Disposable columns of Sephadex G-50 (bed volume, 10 ml) were equilibrated with 8 M urea/0.15 M NaCl/0.05 M NaOAc, pH 6.0/0.5% Triton X-100 (10). Proc. Natl. Acad. Sci. USA 85 (1988) 9049 tal group were applied to the columns and eluted with the equilibration buffer. Fractions were collected, pooled, dialyzed against distilled water, aliquoted, and lyophilized. An aliquot was used to determine the total incorporated radioactivity in the medium. Some aliquots were reconstituted with 0.5 ml of 4 M Gdn-HCl and chromatographed on Sepharose CL-6B, before and after treatment with heparitinase and/or chondroitinase ABC. The other aliquots were reconstituted with 0.5 ml of equilibration buffer and applied to DEAE-Sephacel columns, and the PGs were characterized as described above.
RESULTS
Morphological and Tissue Autoradiographic Studies. As previously described, 4 weeks of DPT treatment induced generalized cystic changes of collecting tubules with mild thickening of the TBM. Autoradiographic grains were distributed throughout the cell cytoplasm including the Golgi saccules, the site for sulfotransferase activity and sulfation (Fig. 1A) (11, 19) . In control kidneys, the average grain densities (concentration of radiation) over the cytoplasm and TBMs of collecting tubules were 0.40 ± 0.03 and 0.76 ± 0.11, respectively.
Incorporation of [35S]sulfate was reduced in the cystic
segments of the collecting tubules of DPT-treated rats over both the cellular and the TBM compartment (Fig. 1B) . Grain densities in cystic tubules were 0.19 ± 0.03 (48% of control) over the cellular compartment and 0.29 ± 0.03 (37% of control) over the TBM compartment.
Cytoplasmic and TBM changes were reversible in DPTtreated rats. After 4 weeks of drug withdrawal, the autoradiographic grain densities returned to near normal, both in the cellular (0.41 ± 0.04 vs. 0.37 ± 0.05) and TBM (0.75 ± 0.09 vs. 0.69 ± 0.05) compartments. Similarly, tubular morphology of recovery and control kidneys were indistinguishable ( Fig. 1 A vs. C) .
Biochemical Studies. The efficiency of extraction of total radioactivity in each experimental group was >95%. The total incorporated radioactivity in the tissue and medium fractions of cystic kidneys was reduced by factors of 9 and 3 respectively, relative to the control values (Table 1) . With recovery from cystic changes, the total incorporated radioactivity in the tissue and medium fractions was similar to control values. The decrease in the radioactivity was reflected in both cellular and TBM fractions from the cortical and outer medullary regions of the cystic kidneys (Table 1) . A minor increase in the incorporated radioactivity was observed in the cellular and TBM fractions of the outer medulla of the animals from control and recovery groups, sacrificed at 8 weeks.
Characterization of Tissue PGs. PGs were characterized from a total of 16 tissue fractions ( Table 1) . Most of the PGs, from cellular and TBM fractions of cortex and outer medullary regions of the normal and cystic kidneys, were eluted as The cellular PGs of the cortex and outer medulla of cystic kidneys (Fig. 2B) had similar elution profiles, and these profiles were similar to controls except that they had less total radioactivity and higher amounts (15-20%) of chondroitinase ABC-sensitive PGs. At 4 weeks, in controls, the TBM PGs of the cortex and outer medulla (Fig. 3A) had two elution peaks, A and B, with radioactivity confined mainly to peak A. Heparitinase treatment released 100%o of the radioactivity into the Vt fraction.
The TBM PGs of cortex and outer medulla of cystic kidneys ( Fig. 3B ) had similar profiles but contained less radioactivity than controls, and 15-20% of TBM PGs of cortex and outer medulla were chondroitinase ABC-sensitive. The elution characteristics of cellular and TBM PGs of cortex and outer medulla from 4-and 8-week control kidneys were identical. The cellular and TBM PGs of the cortex and outer medulla from 8-week recovery (4 weeks of DPT plus 4 weeks of recovery) kidneys had similar elution profiles; however, PGs from recovery kidneys contained 5-10% (Fig. 4A) and TBM (Fig. 4B ) PGs of the cortex and outer medulla were eluted as single peaks of radioactivity at 0.25-0.35 and 0.30-0.40 M NaCl, respectively, on DEAE-Sephacel chromatograms. Elution peaks of cellular PGs were the same as those of control kidneys. PGs of the TBM fraction of cystic kidneys, however, were eluted at a lower salt concentration, 0.25-0.35 M NaCl (Fig. 4C) . This difference disappeared during the recovery period.
Characterization of PGs and GAGs from the Medium. The PGs in perfusion media of both normal and cystic kidney were eluted as a single peak of radioactivity with Ka. = 0.47 (Mr = 20,000-25,000) and contained mostly GAG chains; however, the proportions of different types of GAGs varied. GAGs from controls were exclusively heparitinase-sensitive (Fig. 5A) . GAGs from the cystic and recovery groups contained 80% and 90% heparan sulfates, respectively (Fig.  SB) . Ion-exchange chromatography of GAGs revealed no differences between the normal and cystic groups. DISCUSSION The present study demonstrates a defect in the synthesis of heparan sulfate PGs, an integral component of the TBM, Defective PG biosynthesis may disrupt the molecular interactions between various known constituents of the basement membrane (20) and thus lead to poor assembly and thickening of TBMs. Similar changes-i.e., thickening and lamination of TBMs-have been observed in human renal cystic disease (21) . Also, in diabetes, a disorder characterized by thickening of basement membrane, decreases in both the amount and the de novo synthesis of basement membrane PGs have been reported (22) . Thus, PGs may play a critical role in maintaining the integrity of the normal basement membrane, and thickening of the basement membrane may develop during deficient PG biosynthesis, due to abnormal assembly of basement membrane components, and ultimately lead to cystic dilatation of the tubules.
